Recent tribological experiments revealed that graphene is able to lubricate macroscale steelon-steel sliding contacts very effectively both in dry and humid conditions. This effect has been attributed to a mechanical action of graphene related to its load-carrying capacity.
Introduction
In recent years the search for novel lubricant materials and coatings has gained increasing importance to face the massive economic and environmental costs related to friction and wear. Furthermore, the development of miniaturized devices with high surface-to-volume ratio, such as micro-and nano-electromechanical systems, quests for new solutions for tribological problems like stiction that seriously undermine their functionality. Graphene is Finally, we analyse the electronic charge displacements occurring upon interface formation and show that an important connection between the interfacial electronic and tribological properties can be established, which can open the way to further investigations on the fundamental nature of the frictional forces.
Method
We perform spin-polarized density functional theory (DFT) calculations, where the ionic species are described by pseudopotentials and the electronic wave-functions expanded in plane waves. [34] The pseudopotential used for iron contains nonlinear core corrections. On the basis of test calculations of structural properties of iron bulk and isolated graphene, a kinetic energy cutoff of 30 Ry (240 Ry) is used to truncate the plane-wave expansion of the electronic wave functions (charge density). The Brillouin zone samplings of the supercells used to model graphene layer (GL) and graphene ribbons (GRs) on Fe(110) (described below) are realized by means of 2 × 1 and 1 × 2 Monkhorst-Pack grids, [35] respectively.
The exchange correlation functional is described by the generalized gradient approximations (GGA) calculated with the Perdew-Burke-Ernzerhof (PBE) parameterization. [36] We take into account the van der Waals (vdW) interactions, since they are important to realistically describe the graphene-graphene interaction. To this aim we use the DFT-D semi-empirical approach proposed by Grimme, with a scaling factor s 6 = 0.75. [37] The results obtain within the DFT-D scheme are compared with those obtained in the local density (LDA) and PBE approximations.
The interfaces are constructed by mating two iron slabs (partially) covered by graphene within the same supercell adopted for surface calculations, this allows to compare total energies. The large number of electronic states involved in the spin-polarized DFT calculations of iron interfaces imposes the use of a small number of metal layers in order to make the calculations computationally affordable: we use four iron layers to simulate interfaces and two layers for surfaces. The slab bottom layer is held rigid during the relaxation processes.
We examine the effects of such approximation on the surface energy, γ, of iron. The analysis reported in this paper is, in fact, mainly based on the calculation of surface energy © 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ differences. The value of γ that we obtain using a slab two-layers thick (2.27 J/m 2 ) is very similar to that obtained using three-and six-layers thick slabs (2.28 J/m 2 in both the cases)
and these values are in good agreement both with the experimental data (2.41 J/m 2 ) [38] and the result of previous calculations (2.46 J/m 2 ). [39] We investigate the effects of graphene coating on tribological properties of iron interfaces.
The first property that we consider is the work of separation, W sep , defined as the energy per unit area required to separate two surfaces from contact to an ideally infinite separation. [40] In other words, W sep corresponds to the difference between the formation energy of two isolated surfaces and the formation energy of an interface:
By definition, it is assumed that the separated slabs have the same composition of the two slabs joint together to form the interface, therefore the work of separation can be calculated as a difference between total energies: W sep = (E 1 + E 2 − E 12 )/A, where A is the supercell in-plane size, E 12 is the total energy of the supercell containing two slabs in contact and E 1 (E 2 ) is the total energy of the same supercell containing only the upper (lower) slab (both the two-and one-slab systems are considered in their optimized configuration, i.e., a relaxation process is carried out). The thickness of the vacuum region present in the supercell adopted in our calculation (about 24Å (17Å) in the case of one-(two-) slab system) is enough to isolate the system from its periodic replicas. We calculate W sep for different relative lateral positions of the two surfaces in contact. At each location the structural relaxation is carried out by keeping fixed the bottom layer of the lower slab and optimizing all the other degrees of freedom except for the (x, y) coordinates of the topmost layer of the upper slab. In this way, the distance between the two surfaces can reach its equilibrium value, z eq , at each fixed lateral position. By exploiting the system symmetries and interpolating, we construct the potential energy surface (PES), W sep (x, y, z eq ), which describes the variation of the work of separation as a function of surface relative lateral position. The absolute minimum of the PES is register as the reference value for the work of separation of the considered interface.
The second interfacial quantity that we calculate is the shear strength, i.e., the maximum resistance to sliding of the interface. It is obtained from the derivative of the PES profile. [41] We consider the PES profile along the minimum energy path (MEP), which is the path with the highest statistical weight that connects the PES minima passing trough saddle points.
The lateral force per unit area experienced by the surface during its displacement, r, along the MEP is obtained as
W sep (r). We register the most negative value of the periodic function τ M EP as the shear strength of the interface under consideration.
Results and Discussion

Graphene adsorption on native iron
We start by considering the adsorption of a graphene layer on the (110) We are not aware of any previous calculation of graphene adsorption energy on iron.
Graphene adsorption has been studied on Co, Ni and Pd and values of d and E ad similar to those reported above have been obtained. [43] [44] [45] The analysis of the band structure of graphene on these substrates reveals a strong perturbation due to the hybridization of the The calculated work of separation is equal to twice the surface energy, as expected from the definition of W sep . These results confirm the validity of both our model for solid interfaces and the approach adopted to derive the work of separation from first principles. We, then, construct a second interface by mating a clean iron surface and a surface fully covered by graphene (Fig.2b) . It is very interesting to observe that the presence of an interfacial graphene layer is able to decrease the interfacial adhesion by 78%. The adhesion reduction reaches the 88% when both the surfaces in contact are coated by graphene, in this case the distance between the mated iron surfaces becomes as large as 7.3Å (Fig. 2c ). This last situation is representative of a condition often occurring during pin-on-disc experiments, where part of the powder lubricant is transferred from the substrate to the sliding pin.
The above analysis reveals that the surface coverage by graphene is able to dramatically reduce the adhesion of iron surfaces and this impacts on the frictional properties, as shown in the following. During sliding, the adhesion energy between two surfaces in contact varies with their relative lateral position and this energy variation gives rise to frictional forces. In Fig. 3 the PESes describing the work of separation as a function of the relative displacement of two clean (a) and graphene-covered (b) iron surfaces are compared. The different symmetries of the two PESes reflect those of the Fe(110) and graphene lattices, respectively. But the most striking difference regards the PES corrugation, which is more than thirty times higher in the PES of Fig.3a than that of Fig. 3b . The MEP traced on the second PES is almost flat compared to that in the first one, as can be seen from the energy profiles at the bottom of Fig. 3 , which cover energy-scales that differ by two orders of magnitude. By derivative of the potential profiles we obtain the ideal shear strengths along the MEPs that we assume as representative values for the shear strengths of the considered interfaces. We obtain τ M EP = 9.20 GPa for the clean iron interface, in agreement with previous DFT results derived by a different method based on the calculation of the Hellmann Feynman stress tensor. [46, 47] The shear strength obtained for the iron interface covered by graphene is 98% lower: τ M EP = 0.17 GP. We, thus, conclude that iron coating by graphene is extremely effective at reducing the intrinsic resistance to sliding of iron interfaces. 
Correlation between the interfacial electronic charge and tribological properties
To investigate the microscopic origin of the adhesion and friction reduction provided by the graphene coating, we first analyse the nature of the surface-surface interactions andthen the electronic charge displacements occurring upon interface formation. In Fig. 4 ii) The charge accumulation is higher for a relative lateral position of the two surfaces correspondingto a PES minimum (black curves) than for a PES maximum (red curves). The difference between the maximum and minimum heights of the ∆ρ(z = 0) peaks is proportional to the potential corrugation, ∆W sep . As we describe in a forthcoming article, these two properties have general validity, i.e. they hold true in different materials. For the specific case we are considering, we can observe that the effect of surface passivation by graphene is to prevent the charge flow from the surfaces in contact towards the interface, such inhibition of charge accumulation reduces the adhesion and friction of iron interfaces.
Adhesion dependence on graphene coverage
We conclude our investigation on the effects of graphene coating on interfacial properties by analysing their dependence on graphene coverage. We consider partial graphene coverage by modeling iron interfaces containing graphene ribbons. The optimized structures shown in 
Conclusions
In conclusion, we show that graphene chemisorbs on the iron surface and its binding is enhanced by reactive dangling bonds, as those present in pristine graphene flakes used in the colloidal lubricant. By comparing the interaction potential between two clean and graphenecoated iron surfaces, we show that the surface passivation by graphene is able to change the nature of the surface-surface interaction from chemical to physical with a consequent drop of interfacial adhesion that can reach the 88% in case of full interfacial coverage. This adhesion reduction is accompanied by a 98% decrease of the ideal shear strength. We show that a close correlation exists between the adhesion and the electronic charge accumulated at the interface. Moreover, the evolution of the charge accumulation during sliding is proportional to the frictional forces. The calculated adhesion and friction reductions are less consistent, but still present, in the case of partial interfacial coverage.
Our results are consistent with the Raman analysis performed after the tribological test, [30] which indicates that during the low-friction regime graphene covers uniformly the wear track, while it is removed out from the track in the high-friction regime. We, thus, propose an explanation for the detrimental effect of load, which is alternative to that proposed by Klements et al. [27] and consists in peeling off graphene from the surface. This reduces the surface coverage by graphene and hence the passivation effect that provides lubricity.
We conclude by observing that the beneficial effect of surface passivation on the frictional properties of materials is not a new concept in tribology, as revealed for example by several studies on the tribochemistry of diamond/DLC in the presence of passivating species like hydrogen and water molecules. [50, 51] Our results show that a lubricating effect of similar chemical nature, i.e. due to passivation independently from graphene rupture, can be
